ABSTRACT Microtubules are not like other polymers. Whereas polymers such as F-actin will grow continuously as long as the subunit concentration is high enough, a steadily growing microtubule can suddenly shrink even when there is ample αβ-tubulin around. This remarkable behavior was discovered in 1984 when Tim Mitchison and Marc Kirschner deduced that microtubules switch from growth to shrinkage when they lose their GTP caps. Here, I review the canonical explanation of dynamic instability that was fleshed out in the years after its discovery. Many aspects of this explanation have been recently subverted, particularly those related to how GTP-tubulin forms polymers and why GTP hydrolysis disrupts them. I describe these developments and speculate on how our explanation of dynamic instability can be changed to accommodate them.
INTRODUCTION
When we observe microtubules growing under a light microscope, what catches the eye is their sudden collapse, something not observed for polymers such as F-actin. Even before the marvel of dynamic instability was directly observed (Horio and Hotani, 1986) , we knew about the switching behavior of microtubules. But how was dynamic instability discovered if not by eye? We knew that αβ-tubulin binds GTP (Weisenberg et al., 1968) , the nucleotide that powers its polymerization (Weisenberg, 1972) . GTP hydrolysis and phosphate release converts the GTP-tubulin into GDP-tubulin, which falls off the polymer rapidly (Carlier et al., 1984) . Fortunately, the hydrolysis of GTP lags behind the binding of new GTP-tubulin; this lag creates a cap of GTP-tubulin at the microtubule end (Carlier and Pantaloni, 1981) . Most of this is true for F-actin and ATP, however, so why are microtubules different? Using an electron microscope, Tim Mitchison and Marc Kirschner observed that a microtubule population can dwindle even while its mean length increases (Mitchison and Kirschner, 1984a) . In other words, some microtubules will shrink to nonexistence while others continue to grow. They combined this observation (and others) with the facts about GTP and deduced that individual microtubules switch from growth to shrinkage when they lose their GTP caps (Mitchison and Kirschner, 1984b) . They called this switching behavior dynamic instability.
In the years that followed, an explanation for this unique switching behavior was fleshed out. When a microtubule grows, the protofilaments are straight or gently curved (0-5° bend per αβ-tubulin; Mandelkow et al., 1991; Chrétien et al., 1995) . When a microtubule shrinks, however, the protofilaments curve outward steeply (12° bend per αβ-tubulin). The difference in protofilament curvature implied that the GTP-tubulins that bind to growing microtubule ends are "straight," whereas the GDP-tubulins found in the microtubule lattice want to be "curved." The GTP cap keeps these GDP-tubulins in shape; when the GTP cap is lost, GDP-tubulin relaxes into the curved conformation. This relaxation breaks the bonds between protofilaments, which then curve outward steeply, and the GDP-tubulin falls off the polymer rapidly. The swiftness with which the GDP-microtubule collapses is what distinguishes microtubules from F-actin and defines the phenomenon known as catastrophe.
Dynamic instability became a foundation of cell physiology; upon it we have built our explanations for how dividing cells segregate their chromosomes, how fibroblasts migrate into wounds during healing, and how neurons extend their axon and dendrites. Microtubule growth and shrinkage are essential to these processes and many more. Driving these processes are a host of microtubule-associated proteins (MAPs) that make microtubules grow faster, shrink slower, undergo catastrophe more often, and so on. To explain how MAPs drive the microtubule cytoskeleton, we first need to understand how GTP-tubulin forms polymers and why
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GTP hydrolysis disrupts them. But what is missing from the canonical explanation of dynamic instability? Here, I argue that recent experiments have subverted this explanation and that our best models cannot explain the diversity of MAPs that control microtubule physiology. I speculate on how a modern explanation of dynamic instability might account for the complexities of microtubule growth and catastrophe.
GROWTH
Microtubules grow when αβ-tubulin collides with the end of a protofilament and forms a noncovalent bond. These collisions occur more frequently when the tubulin concentration is higher, and thus the growth rate increases linearly with more tubulin (e.g., Walker et al., 1988) . What could be simpler? Measurements of microtubule growth rates are classically fit to Oosawa's equation for polymer growth (Oosawa and Asakura, 1975) , which reduces the microtubule to a single end-site that grows with a second-order on-rate constant (units of μM ) and shrinks with a first-order off-rate constant (units of s
−1
). This "1D model" provided a simple framework for analyzing MAPs that increase microtubule growth rates, such as the microtubule polymerase XMAP215 (Gard and Kirschner, 1987) .
Not every MAP can be shoehorned into the 1D model, however, because microtubules cannot be reduced to a single endsite. Rather, the bonds formed by the incoming αβ-tubulin vary depending on the context at each protofilament end. Some protofilaments extend beyond others, and this tapering creates differences in the number of lateral bonds that will form ( Figure 1A ). The bonds may also differ in their contact surfaces. There may be two types of lateral bond (Wang and Nogales, 2005) , or both lateral and longitudinal bonds may form at different contact angles due to the outward curvature and relative flatness of the tapered end ( Figure 1B ; Chrétien et al., 1995) . The tendency of tapered ends to curve outward is presumably caused by the intrinsic curvature found in GTP-tubulin (Ozon et al., 1997; Ayaz et al., 2012; Pecqueur et al., 2012) , which defied the expectation that GTPtubulin is straight. The tendency to curve outward will compete with the tendency of the lattice to roll up into a tube (Janosi et al., 1998) . The balance of these competing tendencies creates a "sheet," a misnomer originating from the hammered-flat appearance of microtubule ends in negative-stain electron microscopy (Simon and Salmon, 1990) . As the tapered end is filled in, the microtubule end will straighten and the angles (and energies) of lateral and longitudinal bonds will change.
Accounting for these complexities has solved a few puzzles of microtubule growth. Consider that the on-rate constant from the 1D model is ∼0.1 μM −1 ⋅s −1 per protofilament end (Walker et al., 1988 ). This rate is quite slow. For comparison, globular proteins collide together with a rate constant estimated at 4 μM −1 ⋅s −1 (Northrup and Erickson, 1992) , and G-actin polymerizes into F-actin with an on-rate constant of 12 μM −1 ⋅s −1 (Pollard, 1986) . Presumably αβ-tubulin diffuses like any other protein of similar mass and shape. So why does tubulin bind so slowly to the ends of protofilaments? As it turns out, it doesn't. The key is to treat each protofilament end separately and determine rate constants based on context (VanBuren et al., 2005) . In this "2D model," αβ-tubulin binds to protofilament ends rapidly (at ∼4 μM ) but falls off them just as rapidly when no lateral bonds are formed. The off-rate constant drops with each lateral bond until the αβ-tubulin becomes entombed by its neighbors. Computer simulations that implement this idea can reproduce microtubule growth rates (Gardner et al., 2011a) and, critically, the large fluctuations observed in the growth of individual microtubules . ( Alushin et al., 2014) . The most obvious difference between the GMPCPP and GDP structures is a "compaction" of α-tubulin in the GDP state, which occurs at the contact surface of the longitudinal bond. It is not clear how the compaction of one αβ-tubulin would affect its neighbors, and the compaction may also place the lateral bonds under strain. These contrasting structures make it unclear which bonds are weakened after GTP hydrolysis. Considering that the GTP cap also overlaps the tapered, outwardly curved, and flattened-out region of a growing microtubule end, we are faced with a GTP cap that is a large region speckled with internal strains, variable bond angles, and possibly multiple nucleotide states ( Figure 1C) .
A patchwork GTP cap does not, however, change the fundamental idea that catastrophes occur when the GTP cap is lost due to fluctuations in growth and hydrolysis. But are these fluctuations really the cause of catastrophe? The EB1 signal grows larger when microtubules grow faster (Bieling et al., 2007) , indicating that the "GTP cap" grows larger as well. Larger GTP caps should be harder to lose to fluctuations, and thus the frequency of catastrophe should drop when microtubules grow faster-for example, at higher tubulin concentrations. Such an inverse correlation has been widely assumed to hold, but the data say otherwise: catastrophes occur at similar rates across a range of αβ-tubulin concentrations. The key observation is that the probability that a microtubule undergoes catastrophe increases with time; in other words, microtubules age, and older microtubules are more susceptible to catastrophe than younger microtubules ( Figure 1D ; Gardner et al., 2011b) . The implication is that the microtubule end remembers its past, perhaps through the accumulation of "defects" during growth (BowneAnderson et al., 2013) or because of increased tapering of older microtubule ends (Coombes et al., 2013) .
A structural explanation of catastrophe must bring together the aging process and the reduction of the "GTP cap" to ∼20% of its size before catastrophe. Just before this drop in the EB1 signal, microtubule growth slows down (Maurer et al., 2014) . The slowdown allows GTP hydrolysis events to catch up with the microtubule end and pop the cap. Presumably the aging process is predisposing the microtubule to such slowdowns. What is needed is an understanding of how different structural states of the microtubule end affect growth rates and hydrolysis rates, which might generate hypotheses about the specific nature of the aging-related defects.
CONCLUSION
Readers familiar with microtubules will have noticed that I did not discuss rescue, the process by which a shrinking microtubule is converted back into a growing one. We know too little about rescue in purified tubulin solutions to say much. A similarly mysterious process is nucleation, whether it be spontaneous nucleation or nucleation from a template. Rescue and nucleation are more complex than growth and catastrophe, which must be explained first. Such a modern explanation of dynamic instability will include the following: the intrinsic curvature of GTP-tubulin; the competing tendencies of microtubule ends to curve out and roll up; the jumble of bonds in the 2D model; the patchwork of the GTP cap; the consequences of GTP hydrolysis on bond strengths; and the aging process. The reason to develop such an explanation is, of course, to understand dynamic instability in its own right. More importantly, we will soon be able to explain a diversity of MAPs and, in so doing, the behavior of cells.
Similarly, consider Doublecortin, a MAP involved in brain development. Doublecortin stabilizes microtubules by binding at the vertex of four αβ-tubulins (Fourniol et al., 2010) and forming cooperative assemblies (Bechstedt and Brouhard, 2012) ; moreover, Doublecortin binds specifically to microtubule ends (Bechstedt et al., 2014) . Nonetheless, doublecortin has no effect on microtubule growth rates whatsoever (Moores et al., 2006) . Something is missing. What we lack is a description of microtubule growth that accounts for the curvature of microtubule ends. Paclitaxel, for example, straightens the protofilaments at microtubule ends (Elie-Caille et al., 2007) ; perhaps this straightening contributes to paclitaxel's slowing of microtubule growth. The inclusion of structural phenomena in the 2D model, including the intrinsic curvature of GTP-tubulin and the variable angles of αβ-tubulin bonds, may be necessary in order to explain an assortment of MAPs and tubulin-binding drugs.
CATASTROPHE
When a microtubule is growing, the incoming α-tubulin contributes residues that complete the GTP pocket of the distal β-tubulin (Nogales et al., 1998 (Nogales et al., , 1999 . GTP hydrolysis is free to proceed in the penultimate αβ-tubulin, but the lag in GTP hydrolysis creates a GTP cap at microtubule ends. The size of the GTP cap was believed to be small (Voter et al., 1991) , perhaps as small as a single layer of GTPtubulin. Whatever its mean size, the cap size will fluctuate when microtubules grow due to the stochastic nature of new GTP-tubulin binding and the GTP hydrolysis reaction. The fluctuations occasionally cause the cap to disappear, exposing GDP-tubulin subunits at the microtubule end; the microtubule then falls apart "in some catastrophic manner" (Mitchison and Kirschner, 1984a) .
This textbook description of the GTP cap and how it is lost has evolved significantly in recent years. The game changer has been EB1, the protein that binds with high affinity to microtubule ends. Because EB1 binds with higher affinity to GTP analogues, namely GMPCPP (Zanic et al., 2009) and GTPγS (Maurer et al., 2011 ), EB1's comet-shaped signal is considered a readout for (some aspect of) the GTP cap. The EB1 signal decays exponentially over hundreds of nanometers (Bieling et al., 2007) , indicating that the GTP cap is not small but instead hundreds of subunits deep. However, the EB1 signal does not reach the very tip of the microtubule, suggesting that the very tip of the GTP cap differs from its "core" (Maurer et al., 2014) . What could this difference be? Perhaps the very tip of the microtubule is made of GTP-tubulin proper, but core αβ-tubulins are in some other nucleotide state, such as the GDP-Pi state. Heterotrimeric G proteins, for comparison, pass through three distinct states between GTP and GDP (Sprang, 1997) . EB1 binds with different affinities to the various GTP analogues (GTPγS > GDP-BeF3 >> GMP-CPP; Maurer et al., 2011) . These differences perhaps indicate that EB1 recognizes a novel nucleotide state-or perhaps nucleotide analogues are only analogues. In any case, the intensity of the EB1 signal drops to ∼20% of its peak intensity just before catastrophe (Maurer et al., 2014) . This observation indicates that the GTP cap is lost when the density of "GTP-tubulin" drops below a threshold.
When GTP is hydrolyzed in the cap, in however many steps, αβ-tubulin undergoes a conformational change that weakens the bonds holding the lattice together. The assumption has been that lateral bonds are the ones weakened, based on images of shrinking microtubule ends in which intact protofilaments curve outward steeply (Mandelkow et al., 1991) . Indeed, enhanced lateral contacts were observed in the structure of GTPγS microtubules (Maurer et al., 2012) , suggesting that the GTP cap has stronger lateral bonds. In contrast, no differences in lateral bonds were observed in a comparison of the structures of GMPCPP-and GDP-microtubules 
